An enzyme-linked immunosorbent assay was developed to enumerate Treponema pallidum cells. The assay could detect from 2 x 1 to 4 x 10 treponemes per ml. Reactive rabbit serum and goat anti-rabbit immunoglobulin G (peroxidase conjugate) were used in the assay. Optimum results were obtained when 2,2'-azino-di(ethylbenzthiazolinesulfonic acid) was used as the dye for the enzyme reaction and the reactions were allowed to run for 45 min. Interestingly, assays in which in vivo-cultivated T. pallidum was used produced lower absorbance values than those in which T. pallidum was cultivated in vitro.
The enumeration of treponemal cell densities and the comparison of results from several experiments are not simple procedures. The present method of direct counting by dark-field microscopy is very tedious and difficult yet very critical in the evaluation of in vitro culture conditions. It has been reported that differences of as much as 50% in the numbers of treponemes can be obtained from the same sample if care is not exercised (7) . Great precision is required to prepare a slide for the accurate enumeration of Treponema pallidum cells. The procedure that is used in our laboratory is as follows. Ten microliters of suspension is placed on a microscope slide, and a glass cover slip (22 by 22 mm) is gently dropped on top of it. A properly prepared slide can have no air bubbles under the cover slip nor any liquid outside the perimeter of the cover slip. A tremendous amount of effort is expended making accurate direct counts, and because such extreme care is taken in preparing slides, the average variation between duplicate slides is about 15%.
However, occasionally variations of 30 to 40% can occur.
Because significant variations in counts can occur, we routinely counted triplicate samples from duplicate cultures for each day that growth was assayed. This procedure required the preparation and counting of 42 slides per day for an experiment containing only seven groups. More than half of the time of a technician was involved with the direct counting of slides. Additional disadvantages included the time involved to train new personnel and the subjectivity of this method of enumeration. We therefore sought to develop an objective assay to corroborate direct counts and to reduce the time required to process samples. This report describes an enzyme-linked immunosorbent assay (ELISA) for the enumeration of T. pallidum cells harvested from tissue cultures of SflEp cells.
MATERIALS AND METHODS
Chemicals. The peroxidase conjugate of goat anti-rabbit immunoglobulin G (IgG) antibody was purchased from HyClone, Inc., Logan, Utah. The chromogen used for the assay was 2,2'-azino-di(3-ethylbenzthiazolinesulfonic acid) purchased from Sigma Chemical Co., St T. pallidum cells. At 1 month postinoculation, a suspension of 109 treponemes per ml was mixed with Freund complete adjuvant, and the rabbits were given two 0.5-ml subcutaneous injections. These injections were made above each shoulder blade and were targeted to the axillary lymph nodes. Antibody titers were monitored by VDRL assay. After 45 days of infection, ca. 30 ml of blood was collected from each rabbit by intracardial punc.ture. The blood was allowed to clot, the serum was removed with a pipette, and the remaining blood cells were removed by centrifugation. Samples of serum were quick-frozen in a dry ice-acetone bath and stored at -20°C.
Organisms. Treponemes were harvested from either tissue cultures or rabbits as previously described (4) . Briefly, tissue cultures were harvested by using a trypsin-EDTA solution. The medium was first removed, and the monolayers were washed with 2 ml of trypsin-EDTA solution. This mixture was removed and added to the sample of medium. Then an additional 3 ml of trypsin-EDTA solution was placed on the monolayers and incubated at 34°C for 10 min or until all of the SflEp cells were in suspension. This solution was removed and combined with the medium and the wash. The SflEp cells and treponemes were separated by differential centrifugation. The treponemal pellet was washed once with phosphate-buffered saline (PBS) and suspended in distilled water. Treponemes were harvested from rabbits by aseptically removing the testis, mincing the testis thoroughly, and then suspending the minced tissue in 10 ml of BRMM. The suspended testis tissue was extracted by shaking for 30 min at 34°C. The gross tissue debris was removed from the suspension by centrifugation at 500 x g for 15 min. The treponemes were collected by centrifugation at 12,000 x g for 20 min. They were then washed three times in PBS and finally suspended in distilled water. where M is the slope from the curves of the sample and the standard (std). The A405 value is the absorbance of the undiluted sample or standard.
RESULTS Determination of the optimum concentration of rabbit antibody and goat anti-rabbit IgG antibody. A checkerboard experiment was performed to determine the optimum concentrations of rabbit antibody and goat anti-rabbit IgG antibody (Table 1) . Pooled serum from infected rabbits was The dilution of the rabbit antibody did not have as great an effect as the dilution of the goat antibody. Therefore, it was assumed that the dilutions of rabbit antibody were near saturation. A 1:200 dilution of rabbit antibody was used in all subsequent experiments. Higher concentrations of goat antibody were tested, but these also resulted in higher background values. Consequently, a 1:3,000 dilution of goat antirabbit antibody was chosen as an optimum level. For concentrations of treponemes that ranged from 5 x 105 to 1 x 107 per microtiter well, excellent correlation was observed with each of the above concentrations of reagents. Seven of the twelve assays had a correlation coefficient > 0.99, and the lowest correlation coefficient observed was 0.9842.
Effect of trypsin on T. pallidum cells. We first determined whether the action of trypsin had a deleterious effect on the antigens of T. pallidum. Cultures of T. pallidum were harvested by using either trypsin-EDTA solution or EDTA only. The lines plotted from dilutions of the two samples were essentially identical (data not shown). The difference in the slopes of the two lines was only 0.003 U. The correlation coefficient of each of the lines was around 0.98.
Effects of fixation and drying on treponemal antigens. Figure 1 demonstrates the effects of ethanol fixation and the pH of the absorption buffer on the assay. The solid symbols represent dilutions of a suspension that was absorbed on polystyrene and then ethanol fixed and air dried. The open symbols represent dilutions from the same suspension that were not fixed or air dried. It can be seen that fixation and drying reduced the sensitivity of the ELISA. However, with either method 5 x 105 organisms per well could be detected.
It can also be seen that the pH of the adsorption buffer did not significantly alter the binding of T. pallidum proteins to polystyrene. Higher A405 values were observed with adsorption buffer at pH 7.5 than with buffer at pH 9.6. This difference was more prominent with ethanol-fixed sonic extracts.
Comparison of in vivo-and in vitro-cultivated T. pallidum cells. Homogenates of T. pallidum cultivated in tissue culture were compared with those from rabbit testis tissue. The A405 values of treponemal sonic extracts from tissue culture were significantly higher than those from rabbit testis tissue (Fig.  2) . In addition, the slope of the line from in vitro-cultivated organisms was 70% greater than that from in vivo-cultivated organisms. This comparison has been repeated with other suspensions of in vivo-cultivated organisms, and similar ing. Trypsin has been demonstrated to remove some host proteins from the surface of T. pallidum cells (1) . This process may be advantageous in exposing more treponemal antigens. One reason that little damage was observed might be that the time the treponemes were exposed to trypsin was kept to a minimum (usually 10 min or less).
Ethanol fixation of sonic extracts of T. pallidum cells resulted in a substantial reduction of bound rabbit antibody. Since it is suspected that lipids comprise about 20% of the dry cell weight of T. pallidum cells (5) , the extraction of these lipids must greatly alter the tertiary structure of the protein antigens. The pH of the adsorption buffer did not appear to be too critical with either fixed or nonfixed sonic extracts. Morrison-Plummer et al. (6) also observed a reduction in the reactivity of rabbit sera with ethanol-fixed whole T. pallidum cells as compared with purified outer membrane proteins. The effects of these two conditions, fixation and drying, were more dramatic in our system. This result could results have been obtained. In each case a significant difference was observed, with sonic extracts of in vivo-cultivated organisms always less reactive than sonic extracts of in vitro-cultivated organisms.
Use of ELISA to quantitate T. pallidum cells. Once the optimum protocol was established, we utilized the ELISA to corroborate our direct counts. When the numbers of treponemes determined by ELISA were compared with those from direct counts, the mean difference was 1.425 x 107 treponemes ( Table 2 ). The most significant percentage of error occurred when the total number of treponemes was less than 107. These large errors were observed because this concentration was below the minimum level of detection.
Nevertheless, the mean error was about 8.5% if the two assays with low numbers of treponemes were omitted.
DISCUSSION
The fact that treponemes from tissue cultures were not significantly damaged by the action of trypsin was surpris- In conclusion, the development of an ELISA for the enumeration of T. pallidum cells reduces one bottleneck involved in cultivation experiments, the enumeration of organisms by direct counting. This method will ensure more rapid progress toward the improvement of cultivation techniques and the attainment of continuous passage in vitro. In addition, the data from future cultivation experiments will be more reliable because most of the subjectivity involved in counting has been removed and because the accuracy of the few direct counts that are performed has been increased. ACKNOWLEDGMENT These studies were supported by Public Health Service grant R01 AI-15113 from the National Institute of Allergy and Infectious Diseases.
